AbstrACt: This study examined the relationship of residual feed intake (RFI) and performance with feeding behavior and ruminal fermentation variables in pregnant beef cows offered a grass silage diet. Individual grass silage DMI (dry matter digestibility = 666 g/kg) was recorded on 47 gestating (mean gestation d 166, SD = 26 d) Simmental and Simmental × Holstein-Friesian beef cows for a period of 80 d. Cow BW, BCS, skeletal measurements, ultrasonically scanned muscle and fat depth, visual muscular score, ruminal fermentation, blood metabolites, and feeding behavior were measured. Phenotypic RFI was calculated as actual DMI minus expected DMI. Expected DMI was computed for each animal by regressing DMI on conceptus-adjusted mean BW 0.75 and ADG over an 80-d period. Within breed, cows were ranked by RFI into low (efficient), medium, or high groups. Overall mean (SD) values for DMI (kg/d), RFI, initial conceptus-adjusted BW, and conceptusadjusted ADG were 8.41 (1.09) kg/d, 0.01 (0.13) kg/d, 646 (70) kg, and −0.07 (0.32) kg, respectively. High-RFI cows ate 25% and 8% more than low-and medium-RFI cows, respectively. Live weight and ADG were not correlated (P > 0.05), and DMI was positively correlated (r = 0.80; P < 0.001) with RFI. The low-and high-RFI groups had similar (P > 0.05) BW, ADG, BCS, visual muscular scores, skeletal measurements, blood metabolites, calf birth weight, and calving difficulty scores. All ultrasonic fat and muscle depth measurements were similar (P > 0.05) for low-and high-RFI cows except for back fat thickness change, where low-RFI cows gained less fat (P < 0.05) than high-RFI cows. Low-RFI cows had greater pH and lower ammonia concentrations in ruminal fluid compared to their high-RFI contemporaries. Low-RFI cows had fewer (P < 0.001) daily feeding events, but these were of longer (P < 0.001) duration (min·feed event −1 ·d −1 ). Despite this, total daily duration of feeding was shorter (P < 0.001; min/d) for low-compared to high-RFI cows. High-RFI cows had more and a longer total duration of nonfeeding events (P < 0.001) than low-RFI cows. This study showed that compared to cows with high RFI, those with low RFI consumed less feed for similar levels of productivity, spent less time engaged in feeding-behavior-related activities, and differed in ruminal fermentation parameters. Feeding events are a significant (17%) contributory factor to variation in RFI in pregnant beef cows offered grass silage.
INtrODUCtION
Improving feed efficiency is a means of reducing the cost of beef production (Crews, 2005) . Residual feed intake (rFI) is a measure of feed efficiency that is independent of growth and mature BW (Crews, 2005) . This independence is especially beneficial for the cow herd as maintenance requirements represent a large proportion of total feed costs and permanent and cumulative savings could be made over the lifetime of the cow. However, relatively little is known about the factors contributing to variation in RFI (Herd and Arthur, 2009) .
Forage is the predominate feedstuff for beef cattle, especially cows, in many parts of the world. Susenbeth et al. (1998) estimated that for low-quality roughage, the energy cost of eating accounted for approximately 26.5% of ME intake. Susenbeth et al. (2004) found that the energy cost of eating 1 kg DM of rolled barley was only 23% of that required to ingest 1 kg DM of grass silage. Thus, activity associated with eating, particularly forage diets, may explain some of the unaccounted variation in RFI. Studies examining the effect of RFI on feeding behavior of cattle have mainly used growing or finishing animals offered high-concentrate or high-energy diets; data on forage diets are scant. Lawrence et al. (2011 Lawrence et al. ( , 2013 found that low-RFI cows consumed a greater proportion of their daily DMI within the first 7 h postfeeding than high-RFI cows, and Basarab et al. (2007) found that efficient cows had lower feeding frequency and shorter feeding duration than inefficient cows. Additionally, feeding behavior traits were shown to have indirect effects on ruminal fermentation variables, arising from the negative association between eating rate and ruminal retention time (Hegarty, 2004) . The objective of this study was to examine the relationship of RFI and performance with feeding behavior and ruminal fermentation variables in pregnant beef cows offered a grass silage diet.
MAtErIALs AND MEtHODs
All procedures involving animals in this study were conducted under an experimental license from the Irish Department of Health and Children in accordance with the cruelty to Animals Act 1876 and the European Communities (Amendment of Cruelty to Animals Act 1876) Regulation 2002 and 2005 (www. dohc.ie/other_health_issues/pausp).
Animals and Management
Data were obtained on a total of 47 gestating multiparous beef cows composed of 36 purebred Simmentals and 11 Simmental × Holstein-Friesians for a period of 80 d (referred to as RFI measurement period). Cows were bred to Simmental sires as described by Lawrence et al. (2011) . The breeding season commenced on May 1, 2009, and cows were mated to Simmental sires by AI and natural mating over an 88-d period. Before commencing the RFI measurement period, cows were rotationally grazed with their calves from the previous spring under a moderate stocking rate on perennial ryegrass (Lolium perenne L.) pasture (Drennan and McGee, 2009 ). Calves were weaned on October 20, 2009. Cows were removed from pasture and temporarily accommodated on an out-wintering pad and offered grass silage to appetite. After 28 d, the cows were transferred to the feed intake test facility located in a slatted floor shed, with 8 to 9 cows allocated per pen (lying area = 3.43 m 2 /animal). Cows were fitted with a passive transponder on the right ear and were allowed an adaptation period of 14 d to acclimatize to the automated feeding system (Griffith Elder Mealmaster Multi Feeder System, Griffith Elder and Co. Ltd., Suffolk, UK; O'Neill et al., 2011) . At the start of the test mean cow age was 45 months (SD = 1.5), and mean day of gestation was 166 d (SD = 26). Cows were allocated at random to pens. Cows were offered grass silage ad libitum, on the basis of 1.1 times their intake of the previous day, once daily at approximately 1100 h and had free access to a mineral and vitamin supplement (Ca, 16 g/kg; Mg, 160 g/kg; Na, 4,245 g/kg; Cu, 3,300 mg/kg; Zn, 4,200 mg/kg; Mn, 1,500 mg/ kg; I, 500 mg/kg; Co, 99 mg/kg; Se, 50 mg/kg; vitamin A, 220,000 IU/kg; vitamin D 3 , 44,000 IU/kg; vitamin E, 2,000 IU/kg; Ruminlix Dry Cow, CAHL Ltd., Tullow, Co. Carlow, Ireland). The grass silage offered was harvested on August 10, 2009, from a secondary growth sward, which consisted mainly of perennial ryegrass. It was mowed with a disc mower and harvested, without additive, using a precision-chop harvester and stored in bunker silos and compacted to ensure expulsion of air before sealing with 2 layers of black polythene sheeting and weighted with tires. All cows had free access to clean, fresh water.
At the end of the RFI measurement period cows were removed from the slatted floor pens 1 to 7 d before their expected calving date and relocated to individual straw-bedded pens. After parturition the cows and calves remained in the pen for approximately 3 d.
Before the breeding season cows were vaccinated against leptospirosis (Leptovoid-H, Intervet, ScheringPlough Animal Health, Walton, UK) and bovine viral diarrhea virus (bVDv; Pregsure, Pfizer, Kent, UK). Before housing they were vaccinated against infectious bovine rhinotracheitis virus (Ibrv; Bovilis IBR, Intervet Ireland Ltd., Dublin, Ireland), and during housing they were treated for the control of internal (Closamectin, Norbrook Laboratories Ltd., Northamptonshire, UK) and external (Butox Pour-on, Intervet Productions S.A., Igoville, France) parasites.
Feed Intake, Feeding Behavior, BW, and BCS
Daily feed intake and feeding behavior traits were measured using the Griffith Elder feeding system (O'Neill et al., 2011) . The feeding system consisted of 3 feed bins (550-L volume) per pen, a data logging reader panel connected to each feeding station, and a personal computer and Meal Master Computer Software. When an animal approached the feed bin, the unique passive ear transponder (Dairymaster, Tralee, Co. Kerry, Ireland) was identified, the barrier was unlocked, and the animal was al-lowed access to the feed. For each visit to the feed bin, the system recorded the animal number, bin number, initial and final times, and weight of contents and calculated visit duration and quantity of silage removed during a visit.
Silage offered was sampled 3 times weekly, and samples were stored at −20°C pending laboratory analysis. Samples of silage were subsequently pooled on a weekly basis for DM determination and on a 3-wk basis for chemical analysis. The DM of the grass silage was determined after drying at 85°C for 16 h in an oven with forced-air circulation with subsequent correction for volatile losses as described by Porter and Murray (2001) . Composited silage samples for chemical analysis were oven-dried at 40°C for 48 h and then ground through a 1-mm screen (Willey mill, Arthur H. Thomas, Philadelphia, PA) for analysis of IVDMD (Tilley and Terry, 1963) , for NDF using amylase (Van Soest et al., 1991) , ash content by combustion at 550°C for 5 h, and water-soluble carbohydrates (anthrone method; Thomas 1977) . Silage extracts were analyzed for NH 3 (measured using the Olympus AU 400, Tokyo, Japan, and the Thermo Electron Infinity Ammonia Liquid Stable Reagent kinetic method, Thermo Electron, Waltham, MA) and lactic acid (using the Olympus AU 400 and the l-Lactic Acid UV-method test kit; Boehringer Mannheim/R-Biopharm catalog number 10139084035) with the enzyme d-lactate dehydrogenase (catalog number 10106941001, Boehringer Mannheim/R-Biopharm, Darmstadt, Germany). The concentrations of VFA (acetic, propionic, and butyric) were measured in the silage extracts using an automated gas chromatograph (Shimadzu Gas Chromatography GC-8A, Shimadzu Corporation, Kyoto, Japan; Brotz and Schaefer, 1987) . The chemical composition and in vitro digestibility of the silage is outlined in Table 1 .
Animals were weighed (prior to feeding) and BCS (scale: 1 = thin, emaciated to 5 = obese; Lowman et al., 1976 ) was recorded on 2 consecutive d at the beginning and end of and every 21 d during the RFI measurement period. All BW were recorded before the cows were fed but with adequate feed from the previous day. Calf birth weight and calving difficulty score (scale: 1 = unassisted to 5 = Caesarean section) were recorded within 24 h after parturition.
Ultrasonic Measurements, Skeletal Measurements, and Muscular Scores
Cows were ultrasonically scanned at the beginning and end of the RFI measurement period. A dynamic realtime scanner (Concept MLV, with 3.5-MHz linear array transducer, Hitachi Aloka Medical Ltd., Tokyo, Japan) was used to measure LM depth at the third lumbar vertebra and fat depth at the third lumbar vertebra, the 13th thoracic rib, and the rump (P8 site) on the animal's right side as described by Conroy et al. (2010) . At the time of ultrasound scanning, linear body measurements, height at the withers, chest circumference, chest depth, and width of pelvis (Campion et al., 2009) , were determined on each animal to provide a quantitative measurement of skeletal size. At the beginning and end of the RFI measurement period, visual muscular scores were assigned to each cow by the same 2 trained assessors. The 3 locations were roundness of hindquarter, width of hindquarter, and width and depth of loin; scores were on a scale of 1 (hollow, poor muscle development) to 15 (wide, heavily muscled) as described by Conroy et al. (2010) . The scores from both assessors were averaged to give each cow 1 score per location.
Blood Metabolites
Blood samples were obtained by jugular venipuncture from each animal prior to feeding on d 22, 44, and 67 during the RFI measurement period. On each occasion blood was collected into one 9-mL and one 4-mL evacuated tube containing lithium heparin and sodium fluoride-EDTA K 3 , respectively, as anticoagulants (Greiner Vacuette, Cruinn Diagnostics, Dublin, Ireland). Concentrations of albumin, urea, globulin, total protein, creatinine, β-hydroxybutyrate (bHb), glucose, NEFA, and triglycerides were determined according to Lawrence et al. (2011) . 
Ruminal Fermentation Variables
Ruminal fluid samples were obtained from each animal on d 65 of the RFI measurement period. Samples of approximately 20 mL were collected using a stomach tube (transesophageal sampler: Flora Rumen Scoop, ProfsProducts, Guelph, Canada) between 2 and 4 h postfeeding. Ruminal fluid pH was measured immediately after collection using a digital pH meter (Orion SA 720; Thermo Fisher Scientific, Waltham, MA), and the 20-mL sample was preserved with 0.5 mL of 9 M sulfuric acid and stored at −20°C for subsequent analysis of NH 3 , VFA, and lactic acid using the methods described for silage extract above.
Traits and Their Derivations
Feeding behavior traits were derived using feed bin attendance data from the Meal Master Computer Software. Days where the functioning of the feeding system was affected such as from a power outage and obvious mechanical problems were recorded and excluded from all subsequent feed intake analyses. This resulted in a mean of 16% of animal days lost from the data set. Total daily feeding events were calculated as the total number of times an animal entered the feed bin and consumed a minimum of 100 g of feed (Kelly et al., 2010a) , which was the lowest weight that the feeding system would weigh to. Nonfeeding events were calculated as the number of times an animal entered the feed bin and consumed less than 100 g of feed. Total daily feeding duration was calculated as the total time taken to consume the recorded intake per day (min/d), and mean feeding event duration was the mean time taken to consume the recorded intake (min·feeding event −1 ·d −1 ). Eating rate was calculated as the total DMI per day divided by the total daily feeding duration (kg DM/min). Total duration of nonfeeding events was calculated as the total time an animal spent at the feeder (min/d) and consumed less than 100 g of feed per day. Feed intake pattern was determined for each cow. The cows were fed between 1100 and 1130 h, and cumulative DMI was calculated for 1 h postfeeding for the next 3 h, then every 2 h to 13 h and total DMI at 24 h. The proportion of total 24-h DMI that was eaten over each aforementioned time period was also calculated.
The mean BW (MbW) of each animal was calculated as the average of the initial and end of test BW. Mean metabolic BW was calculated as MBW 0.75 . Average daily gain was derived as the difference between the end and initial BW divided by the number of days on trial. Cow BW was adjusted by subtracting the estimated weight of the fetus and associated uterine tissue from BW at the start and end of the test period. The weights of the products of conception at the start and end of the test period were computed using the NRC (2000) equation that relates day of gestation to conceptus weight:
where t is the day of gestation. The conceptus-adjusted BW was then used to calculate conceptus-adjusted cow ADG and conceptus-adjusted MBW 0.75 .
Residual feed intake was calculated for each animal as the difference between actual DMI and expected DMI. Expected DMI was computed for each animal using a multiple regression model, regressing DMI on conceptusadjusted MBW 0.75 and conceptus-adjusted ADG with breed included as a fixed effect. The model used was Y j = β 0 + τ i + β 1 MBW j + β 2 ADG j + e j , where Y j is the average DMI of the jth animal, β 0 is the regression intercept, τ i is the fixed effect of breed, β 1 is the partial regression coefficient for conceptus-adjusted MBW 0.75 , β 2 is the partial regression coefficient for conceptus-adjusted ADG, and e j is the random error associated with the jth animal. The model R 2 coefficient produced from this equation accounted for 36% (P < 0.001) of the variation in grass silage DMI and was used to predict DMI for each animal. Within breed, cows were ranked by RFI using the base model unadjusted for back fat and feeding events and assigned to low (efficient), medium, or high (inefficient) groupings. The inclusion of change in back fat thickness in the base model for the calculation of predicted DMI accounted for an additional 9% units of the variation in DMI (45%). The inclusion of daily feeding events in the base model increased the R 2 of the model (P < 0.001) by 17% units.
Statistical Analysis
Data subjected to transformation, due to an abnormal distribution, were used to calculate P-values. However, the corresponding least squares means and SEM of the nontransformed data are presented to facilitate interpretation of results. All of the feeding behavior variables required transformations to normalize their distributions, except total daily feeding events and total daily nonfeeding events. The feeding behavior variables, blood metabolites, and ruminal fermentation variables requiring transformation were raised to the power of lambda. The most appropriate lambda was obtained by conducting a Box-Cox transformation analysis using the TRANSREG procedure of SAS (SAS Inst. Inc., Cary, NC; Fahey et al., 2007) . The natural logarithmic transformation of NEFA was used to normalize its distribution. The least squares procedure of SAS was used to examine the effect of RFI groupings on intake, performance traits, body composition, and rumen fermentation. The statistical model used included the fixed effect of RFI group (high, medium, and low), breed, and RFI group × breed interaction (as appropriate) with calving date included as a covariate. Model effects were con-sidered significant when type I error rate was less than 5%. Variables having multiple observations, such as feeding behavior traits and blood metabolites, were analyzed using repeated measures ANOVA (PROC MIXED procedure of SAS) with the covariance structure as determined by the Bayesian information criterion. Terms for RFI group, day, and their interaction were included in the model. If the interaction term was not significant (P > 0.05), it was subsequently excluded from the final model. Differences in RFI group were determined by F tests using type III sums of squares. The PDIFF option and the Tukey test were applied as appropriate to evaluate pairwise comparisons between the RFI group means. Mean values were considered to be significantly different when P < 0.05 and considered a tendency when P > 0.05 and < 0.10. The MIXED procedure of SAS was used to examine feed intake pattern of total DMI for the RFI groups with time of day, RFI group, and time of day × RFI group included as fixed effects and compound symmetry used as the covariance structure. The Tukey adjustment was used to control for multiple comparisons of means. Pearson correlation coefficients among traits were determined using the CORR procedure of SAS. Regression analysis was conducted to examine the relationship between RFI and feeding behavior variables using the REG procedure of SAS.
rEsULts

Animal Performance
At the beginning of the RFI measurement period cow BW (±SD) was 663 ± 70.7 kg and initial conceptus-adjusted BW was 646 ± 69.6 kg, and during the RFI measurement period, ADG was 0.71 ± 0.52 kg, conceptus-adjusted ADG was −0.07 ± 0.32 kg, and mean DMI was 8.41 ± 1.09 kg/d (Table 2) . Residual feed intake averaged 0.01 and ranged from -2.32 to 1.53 kg DM/d, representing a difference of 3.85 kg DMI/d between the most and least efficient cows. High-RFI cows consumed 8% and 25% more than medium-and low-RFI cows, respectively, but cow BW or ADG and calf birth weight (46.1 ± 7.02 kg) and calving difficulty score (1.6 ± 0.90, scale 1 to 5) did not differ (P > 0.05) between the 3 RFI groups. Residual feed intake was positively correlated with DMI (r = 0.80; P < 0.001), and DMI was correlated with calf birth weight (r = 0.29; P = 0.05). There was also a positive correlation between DMI and BW (r = 0.29; P < 0.05).
Body Composition, Skeletal Measurements, and Muscular Scores
There were no differences (P > 0.05) between cows of high and low RFI in BCS, visual muscular score, or skeletal measurements (Table 3) . High-and medium-RFI cows had a greater (P < 0.05) gain in back fat than low-RFI cows. Change in back fat depth (r = 0.32; P < 0.05) was positively correlated with RFI, whereas 2 Scale of 0 (emaciated) to 5 (obese).
3 Scale of 1 (hollow, poorly muscled) to 15 (wide, thick muscled).
4 Mean of round, rump, and loin.
change in ultrasonic muscle depth (r = −0.26; P = 0.08) and change in back length (r = −0.33; P < 0.05) were negatively correlated with RFI.
Blood Metabolites
Blood metabolites for the high-, medium-, and low-RFI groups are presented in Table 4 . Sampling day had an effect (P < 0.01) on all blood metabolites measured except for triglycerides and albumin. There were no RFI group by sampling day interactions detected (P > 0.05) for blood metabolites except for globulin (P < 0.05). Concentrations of plasma globulin did not change over time for low-and high-RFI cows but were lower (P < 0.05) on d 67 than d 22, with d 42 intermediate for medium-RFI cows. The RFI groups did not differ (P > 0.05) in any of the blood metabolites measured. Correlation analysis indicated that RFI was not correlated with any blood variables measured except for albumin, which had a moderate positive correlation (r = 0.33; P < 0.05), and creatinine, which tended to have a moderate negative correlation (r = −0.25; P = 0.08) with RFI.
Feeding Behavior
Day of RFI measurement period affected all feeding behavior characteristics measured (P < 0.001; Table 5 ). Total daily feeding duration was shorter (P < 0.001) for low-RFI cows than for medium-RFI cows, which, in turn, was shorter than for high-RFI cows. High-RFI cows had a shorter (P < 0.001) mean feeding event duration and more (P < 0.05) feeding events per day than medium-and low-RFI cows. Low-RFI cows had a lower (P < 0.01) eating rate than medium-RFI cows and tended (P = 0.06) to have a lower eating rate than high-RFI cows. Total duration and number of nonfeeding events were greater (P < 0.001) for high-RFI compared to low-RFI cows. Correlation analysis showed that RFI had a strong positive association with total daily feeding duration (r = 0.51; P < 0.001) and total daily feeding events (r = 0.50; P < 0.001). Residual feed intake was not correlated with any other feeding behavior trait measured. Regression analysis indicated that a 1 kg DM/d increase in RFI led to an increase (P < 0.001) in feeding duration of 17.2 min/d and an increase (P < 0.001) of 5 daily feeding events. There was an RFI × time interaction reported on the cumulative total DMI over a 24-h period postfeeding, where low-RFI cows consumed less (P < 0.001) DM than high-RFI cows by 5 h postfeeding. This difference in DMI was maintained between the groups for the remainder of the 24-h period postfeeding (Fig. 1) . When expressed as a proportion of cumulative 24-h DMI, however, there was no evidence (P > 0.05) for either an RFI × time interaction or a direct effect of RFI on DMI at any of the time points examined.
Ruminal Fermentation
The effect of RFI group on ruminal fermentation variables is presented in Table 6 . Ruminal fluid pH was lower (P < 0.05) in high-RFI than medium-and low-RFI cows. Low-RFI cows had lower (P = 0.05) concentrations of ammonia than medium-and high-RFI cows, which did not differ (P > 0.05). No correlations between RFI or DMI and any ruminal fermentation characteristics were detected except for ruminal fluid pH, which had a moderate negative correlation with RFI (r = −0.41; P < 0.01), and lactic acid, which had a moderate negative correlation with DMI (r = −0.40; P < 0.01).
DIsCUssION
The current study contributes to the literature on the relationship between RFI and performance and feeding behavior in beef cows offered a forage diet. To date, the majority of studies examining this area have focused on growing or finishing animals offered energy-dense diets. In practice, forage is a key component of beef cattle diets worldwide, especially for beef cow herds, where the greatest benefits of selection for RFI, compared to conventional measures of feed efficiency, are realized. Beef cows in many temperate regions are offered high-forage diets based on grass, either grazed or conserved, with the latter, usually of low to moderate nutritive value, providing the winter forage (Petit et al., 1995; Drennan and McGee, 2009 ).
Animal Performance and Body Composition
The BW and ADG of the cows in the current study are consistent with previous findings for late-maturing, beef suckler cows of this age profile consuming a moderatequality grass silage diet to appetite during late pregnancy (McGee et al., 2005; Lawrence et al., 2013) . In some spring-calving production systems, cow nutrient intake is generally restricted during the expensive indoor winter period, and mobilization of body reserves occurs, particularly to meet the nutritional demands of the growing fetus, with subsequent replenishment of body fat reserves on lower-cost pasture during the grazing season (Petit et al., 1995; McGee et al., 2005) . Mobilization of body reserves by cows in the current study was illustrated by the negative conceptus-adjusted ADG and muscle depth change and increase in concentration of plasma NEFA (McGee et al., 2005; Lawrence et al., 2011) , although this was not as evident using the more subjective and less sensi- tive BCS measurement system. However, all indicators of body reserve mobilization were similar for the 3 RFI groups, with the exception of changes in back fat thickness, which were negative for low-RFI cows and positive for high-RFI cows. The reduction in back fat thickness in low-RFI cows suggests that these cows were mobilizing more body fat to meet their nutritional requirements during pregnancy than high-RFI cows.
The R 2 of the base model (36%) for predicting DMI in the current study is greater than that obtained by Lawrence et al. (2011 Lawrence et al. ( , 2013 ; 29% and 24%, respectively, for pregnant heifers and cows) with similar genetics, management, and diets as the current study. These R 2 values are lower than those reported in studies where growing cattle were offered grass silage (Lawrence et al., 2012) or other (Shaffer et al., 2011) forage-based diets (ranging from 60% to 66%), which, in turn, are lower than those obtained in studies (ranging from 71% to 78%) with growing cattle offered high-concentrate diets (Basarab et al., 2003 Kelly et al., 2011) . The low R 2 of the model in the current study may be partially explained by the near-zero growth rate (conceptus-adjusted ADG) of the mature beef cows during pregnancy (Lawrence et al., 2013) and the nature of the diet (Lawrence et al., 2011) . The intake capacity of cows offered high-forage (and lowenergy) diets may be limited by the high ruminal fill value and slow rate of passage (Forbes, 2005) , reducing the opportunity to fully express their genetic DMI potential. In particular, grass silage has low intake characteristics compared to other conserved forages (Walsh et al., 2008a) .
In agreement with the findings of Basarab et al. (2007) , Lawrence et al. (2011 Lawrence et al. ( , 2013 , and Hafla et al. (2013) , this study found that phenotypic RFI had no effect on initial and final ultrasonic back fat thickness in pregnant cattle. However, in the study of Basarab et al. (2007) retrospective analysis of historical productivity records showed that cows that produced low-RFI progeny had greater back fat thickness compared to those that produced high-RFI progeny at the preweaning and prebreeding stages of the production cycle but that change in back fat thickness between the preweaning and precalving stage was not different between RFI groups. In the present study there was a tendency for low-RFI cows to have a greater initial depth of back fat compared to their high-RFI contemporaries. Conversely, Arthur et al. (2005) reported cows of a high-RFI selection line having greater rib fat thickness than low-RFI selection line cows at the beginning of the mating season when subcutaneous fat depths were at their greatest; however, no differences were reported during gestation. The greater gain in back fat thickness of the high-and medium-RFI compared with low-RFI cows in the present study was not observed in the studies of either Lawrence et al. (2011 Lawrence et al. ( , 2013 or Basarab et al. (2007) . The differences in gain of back fat between the RFI groups over the RFI measurement period warranted examining the inclusion of back fat thickness gain in the base model for the prediction of DMI. The 9% increase in the R 2 achieved by including back fat thickness gain in the base model is similar to that (9%) achieved by Lawrence et al. (2013) , who included end of trial back fat depth in the base model for beef cows. In the base model reported by , including gain in back fat, end of trial tail fat and BCS accounted for 39.3% of the variation in DMI of beef cows, which is comparable to that (45%) for the base model adjusted for back fat thickness gain in the current study. Collectively, these results suggest that the calculation of RFI in beef cows should include body composition traits such as subcutaneous body fat and BCS. Nevertheless, comparing performance of RFI groupings derived using the base RFI model and the model adjusted for fat depth (data not presented) yielded similar results with the exception of change in back fat thickness, which was not different (as expected) using the fat-adjusted model.
The results of the current study for other indicators of body composition and skeletal size concur with the literature and earlier studies by our research group in that RFI was found to have a moderate negative correlation with ultrasonic muscle depth and concentrations of creatinine (Lawrence et al., 2011) but no effect on BCS Lawrence et al., 2011 Lawrence et al., , 2013 Hafla et al., 2013) and skeletal measurements (Basarab et al., 2003; Kelly et al., 2010a Kelly et al., , 2011 Lawrence et al., 2013) .
The absence of a difference in calf birth weight between the RFI groupings in the current study agrees with previous research (Arthur et al., 2005; Basarab et al., 2007; Lawrence et al., 2011 Lawrence et al., , 2013 , Furthermore, calving difficulty score was not different between high-and low-RFI cows in the current study, which concurs with the findings of Lawrence et al. (2011, 2013) ; however, Basar- ab et al. (2007) found that calving difficulty score tended to be lower in high-RFI cows. In their study, Basarab et al. (2007) attributed the lower calving difficulty to high-RFI cows having a greater number of twin calves of lighter birth weight. From their genetic analysis, Crowley et al. (2011) found a positive correlation (r = 0.20) between RFI and calving difficulty in beef females, which suggests that long-term selection for improved RFI would not be accompanied by increased calving difficulty. Collectively, these results suggest similar maternal productivity for high-and low-RFI single-bearing cows for these traits.
Feeding Behavior Richardson and Herd (2004) proposed that activity and feeding patterns accounted for approximately 12% of the variation in RFI; however, this estimation was based on a limited number of studies. The shorter daily feeding duration of the low-RFI cows agrees with the findings of Hafla et al. (2013) using primiparous beef heifers offered a chopped sorghum and alfalfa diet. The positive correlation (r = 0.51) between RFI and total feeding duration observed in this study is the same as that (r = 0.50) reported by Basarab et al. (2007) with beef cows offered a wholecrop silage-based diet. The longer total duration of feeding per day in the current study compared to that observed by Basarab et al. (2007) for beef cows consuming a barley silage-based diet (190 vs. 145 min) is not surprising considering the relatively poorer intake-related characteristics of grass silage. Steers offered a grass silage-based diet were observed eating more often than those offered a wholecrop silage-based diet, which, in turn, were observed eating more often than those offered high-concentrate diets (Walsh et al., 2008a,b) . Susenbeth et al. (2004) found that the time required by steers to consume 1 kg grass silage DM was 26 min, whereas consumption of 1 kg DM rolled barley required 8 min. Unlike current study, Kelly et al. (2010a) and Basarab et al. (2011) , using beef heifers offered whole-crop silage and concentrates, found no effect of RFI on total feeding duration. However, the shorter daily feeding duration of the low-RFI cows agrees with the findings of Nkrumah et al. (2006 Nkrumah et al. ( , 2007 , Durunna et al. (2011), and Gomes et al. (2013) , who found that low-RFI steers consuming a high-concentrate diet spent less time feeding per day compared to high-RFI steers.
The lower number of feeding events by the low-RFI cows in this study is in accord with the positive correlations between RFI and feeding event frequency in beef cows offered a barley silage-based diet (r = 0.50; Basarab et al., 2007) or straw-hay cubes (r = 0.57; Basarab et al., 2013) . In agreement, Kelly et al. (2010a) and Basarab et al. (2011) , using growing beef heifers offered a diet of wholecrop silage and concentrates, reported fewer feeding events in low-RFI heifers; however, Hafla et al. (2013) reported no differences in feeding events using pregnant beef heifers offered a chopped sorghum and alfalfa diet. The literature is equivocal for growing and finishing steers offered a high-concentrate diet. Similar to the present findings, studies have shown low-RFI cattle to have fewer daily feeding events than those with high RFI (Nkrumah et al., 2006; Golden et al., 2008; Durunna et al., 2011) , whereas others (Basarab et al., 2003; Dobos and Herd, 2008; Gomes et al., 2013) have reported no differences in daily feeding events between RFI groups. These findings suggest that diet type may have an effect on the observed differences in feeding behavior between animals of high and low RFI.
The inclusion of feeding events in the base model for predicted DMI of the current study increased R 2 by 17%, which is greater than the value (1.7%) obtained by Basarab et al. (2011) using beef heifers offered a whole-crop silage-based diet and greater than that (7%) obtained in the studies by Kelly et al. (2010a) and Lancaster et al. (2009) , where heifers and bulls, respectively, were offered a concentrate plus whole-crop silage diet. In the meta-analysis of Berry and Crowley (2013) , the inclusion of daily feeding duration and feeding events in the base model of Nkrumah et al. (2007) accounted for an additional 25% of the variation in phenotypic RFI in growing cattle offered a high-concentrate diet, which is similar to the value (27%) obtained in the current study when the same feeding behavior variables were included in the base model. The inclusion of daily feeding duration and events in the base model for predicting DMI of the current study and the study of Nkrumah et al. (2007) indicates that feedingrelated activities are a significant contributory factor to variation in RFI in both beef cows offered a grass silage diet and growing cattle offered a high-concentrate diet.
The lower eating rate (P = 0.06) of the low-RFI cows in the present study supports the hypothesis that feed-efficient animals expend less energy while feeding in that rate of ingestion is a key determinant of energy expenditure associated with eating (Adam et al., 1984) . The results of the current study concur with the findings of Hafla et al. (2013) , who found that low-RFI pregnant beef heifers offered a chopped sorghum and alfalfa diet tended (P = 0.06) to have a lower eating rate than their high-RFI contemporaries. In agreement, Kelly et al. (2010a,b) found that eating rate was positively associated with RFI in beef heifers offered a concentrate and corn silage diet. However, Golden et al. (2008) , using steers offered a high-concentrate diet, and Lancaster et al. (2009) , using growing bulls offered an energy-dense diet (chopped and pelleted alfalfa, corn, and cottonseed hulls), found no effect of RFI on eating rate.
Similar to feeding systems used in other studies (e.g., Dobos and Herd, 2008; Williams et al., 2011; Green et al., 2013) , a limitation of the system used in the current experiment is that it is unable to distinguish between actual ingestion of feed, or head-down duration, and instances where the animal's head is at the feed bin and not consuming any feed. This may lead to the overestimation of actual feeding time or feeding events by the animal, and caution must be exercised when comparing studies with different definitions of feeding or feeding events. In contrast, in studies using, for example, the GrowSafe automated feed intake measurement system (e.g., Basarab et al., 2011; Durunna et al., 2011 Durunna et al., , 2012 , a distinction between head-down duration and total feeding duration could be made, with the head-down duration enabling the investigation of intensity of feeding activities at the feed bin (Durunna et al., 2011) . Nevertheless, it is evident from the literature that most studies examining differences in total feeding duration have reported a shorter daily time in low-RFI compared to high-RFI animals whether using the GrowSafe feeding system (Nkrumah et al., 2006 (Nkrumah et al., , 2007 Lancaster et al., 2009; Durunna et al., 2011 Durunna et al., , 2012 Hafla et al., 2013; Kayser and Hill, 2013) or other automated feed intake systems (Dobos and Herd, 2008; Green et al., 2013) , which is in accord with the findings of the current study using the Griffith Elder system. In contrast, Basarab et al. (2011) , using the GrowSafe system, Kelly et al. (2010a) , using the Insentec feeding system, and Williams et al. (2011) , using an automated feed intake unit, reported no differences in total feeding duration between heifers of high and low RFI offered whole-crop silage plus concentrates and alfalfa hay cubes, respectively. Differences in diet composition and calculation of feeding behavior variables may partially explain the different results reported by these studies. Collectively, the published literature and the results of the current study suggest that low-RFI animals are spending less time in feeding-related behaviors and may be utilizing less energy for activity than high-RFI animals. It is important to note that the majority of studies examining the relationship between RFI and feeding behavior by necessity were conducted under confinement and that for grazing-based systems the impetus to graze and eating rate and meal size would be important positive attributes where animals must work to harvest the material. Despite the lower feed intake and reduced feeding duration and frequency, performance of low-RFI cows was not compromised during extensive grazing (Basarab et al., 2013) . However, more studies on the effects of RFI on feeding behavior and the associated performance of beef animals grazing pasture are required.
In addition to feeding events, nonfeeding events (i.e., incidences where an animal enters the feed bin but does not consume feed or consumes <100 g of feed) may also be contributing to energy expenditure associated with feeding. Although low-RFI cows had fewer nonfeeding events than high-RFI cows, which agrees with the findings of Kelly et al. (2010a) , RFI was not correlated with nonfeeding events, which concurs with the findings of Kelly et al. (2010b) . These results suggest that nonfeeding events are not a significant contributor to variation in RFI; however, more studies on both high-forage and high-concentrate diets are required to fully elucidate this relationship.
The lower cumulative total DMI of the low-RFI cows, which was evident at 5 h postfeeding, reflects the findings of Lawrence et al. (2011 Lawrence et al. ( , 2013 , who reported that low-RFI cows consumed a greater proportion of their total daily DMI during the initial 7 h postfeeding and, consequently, high-RFI cows consumed a greater proportion of their DMI during the remaining 17 h. The reasons for the asynchrony of these results may be due to the different feeding systems and methodologies used to determine feed intake pattern. The findings of the current study and those of Dobos and Herd (2008) , Golden et al. (2008) , and Lawrence et al. (2011 Lawrence et al. ( , 2013 suggest that animals of low RFI have feed intake patterns distinct from those of high-RFI status. Overall, the findings of the current study suggest that activities associated with feeding in pregnant beef cows on a solely grass silage diet are a significant contributory factor to variation in RFI.
Ruminal Fermentation Variables
The lower ruminal pH in the high-RFI cows in the current study is inconsistent with the findings of Lawrence et al. (2011 Lawrence et al. ( , 2013 , who found no differences in pH in pregnant beef heifers and cows, respectively, of high and low RFI offered a grass silage diet. Krueger et al. (2009a) , using heifers offered a high-roughage diet, and Krueger et al. (2009b) , using steers offered a high-concentrate diet, reported no differences in ruminal pH between RFI groups. Despite the reduced pH of the high-RFI cows in the current study, the ruminal pH of all RFI groups fell within the optimum ruminal pH range for forage-based diets of pH 6 to 7 (McDonald et al., 2002) . Ruminal fluid pH fluctuations may arise from rate of fluid passage from the rumen, meal patterns, and fractional rates of organic matter degradation (Allen, 1997) , suggesting that different ruminal kinetics and aspects of fermentation exist in animals of high and low RFI and may contribute to the observed differences in ruminal pH reported here.
The scant literature on ruminal fermentation variables in high-and low-RFI animals is conflicting in that Lawrence et al. (2011) found that low-RFI pregnant beef heifers offered grass silage had greater propionate concentrations and a lower acetate: propionate ratio than high-RFI heifers, whereas Krueger et al. (2009a) , using heifers offered a high-roughage diet, found the opposite. In agreement with the findings of Lawrence et al. (2011) , Fitzsimons et al. (2013) found that high-RFI heifers offered a grass silage diet tended to have lower propionate concentrations and greater acetate:propionate ratio than heifers of low RFI. In the current study, no differences in propionate or acetate:propionate ratio were found be-tween cows of high and low RFI, which is in agreement with the findings of Lawrence et al. (2013) , using pregnant beef cows offered a grass silage diet, and Krueger et al. (2009b) , using steers offered a high-concentrate diet. The greater ammonia concentration in the high-RFI cows, reflecting the greater intake of dietary nitrogen by this group, conflicts with the findings of Krueger et al. (2009a) and Lawrence et al. (2011 Lawrence et al. ( , 2013 , who did not find a relationship between RFI and ammonia concentration.
Differences in ruminal fermentation may also arise from differing microbial populations in high-and low-RFI cattle. Previous research (Carberry et al., 2012) has shown that although modified by diet type, an association between RFI and rumen microbial diversity was found in beef heifers. Similarly, in an earlier study, Guan et al. (2008) found that specific bacterial groups may only inhabit the rumen of low-RFI steers. Cumulatively, these findings suggest that differences in ruminal fermentation variables may exist between animals of high and low RFI and that these differences are potentially mediated by diet type, and further research examining factors regulating ruminal pH and, indeed, ruminal VFA production between animals of high and low RFI is warranted. Establishing the relationship between RFI and ruminal fermentation is particularly pertinent for forage-based systems of beef production as foragebased diets underpin beef cow herds worldwide.
In conclusion, the current study found that feed-efficient cows can reduce winter feed costs for producers with a reduction of 1.91 kg DM/d recorded here between the high-and low-RFI groupings. This reduction in feed intake was independent of level of production and body size, which is in agreement with previous studies. The incorporation of back fat change and feeding events into the base model for the prediction of DMI increased the R 2 of the model by an additional 9% and 17%, respectively. These findings demonstrate the importance of body composition traits in the calculation of feed efficiency and that feeding events account for a significant proportion of the variation in RFI in beef cows offered a high-forage diet. Also, a thorough understanding of the influence of RFI classification on feeding behavior at pasture is warranted. The effect of RFI ranking on ruminal fermentation variables and digestion requires more research to fully understand this complex relationship, particularly under forage-based systems.
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